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Abstract
Aerosol Deposition Method is a technique in which micro or nanoparticles are deposited
onto the substrate at the room temperature without the need for sintering and without the use of
any solvent. In this method powders of primary size of nanometers or micrometers are aerosolized
and are accelerated through the nozzle onto the substrate with high kinetic energy. Upon the
impaction onto substrate, the kinetic energy of the particles is converted into the strain energy
which causes the deformation of substrate and the particle itself gets fractured. Because of this, the
particles get attached to the substrate to form a fine coating at room temperature. Particles used in
this study is hydroxyapatite, which is a naturally occurring mineral form of calcium. Substrate
used in this study is Titanium alloy. The goal is to basically form a dense, compact and uniform
layer of hydroxyapatite particle over Titanium alloy. The size and nature of powder, nature of
substrate, kinetic energy provided and the deposition pressure, all came into account to form a fine
coating. These types of ceramic coating have immense potential for dental and other biomedical
implants.
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1. Introduction
A. Aerosol Deposition Method (ADM)
Aerosols are simply particles in air. Any room contains aerosols, as there are lots of dust
particles suspended in air. An aerosol includes both the particles and the suspending gas, which is
usually air. Examples of aerosols are fog, dust, haze, smoke etc.
Aerosol Deposition method is a technique in which ceramic powders are coated onto the
substrate under low pressure. The process is carried out under room temperature and the whole
process excludes the addition of any solvent. Generally, Ceramic materials require high
temperature sintering to form the coating. However, when it comes to the coating of lower melting
point materials like glass, plastic and polymers, this high temperature approach cannot work [1].
Aerosol deposition is a one-step method for processing of dense coatings in which sub-micron
particles are accelerated with high kinetic energy under low pressure and onto the substrate of
interest. The mechanism of coating formation is termed as Room Temperature Impact
Consolidation (RTIC) [1]. When the particles impact upon the substrate with high kinetic energy,
the kinetic energy upon impact is utilized to form compressive strain energy in which the substrate
is deformed, and the particles get fractured. This results in the consolidation of fractured fragment
of particles and the deformed substrate, subsequently forming a dense layer of coating [2]. Not all
the aerosol particles will be deposited onto the substrate. The ratio of deposited to nondeposited
aerosol particles depends on particle size, properties of substrate and the degree of agglomeration
of the powders. A powder with particular size and morphology and the substrate with
characteristics must be used to obtain the films with considerable density and uniformity [1].
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Figure 1. Schematic: Aerosol deposition apparatus (Akedo, 2008)
This figure is taken from Aledo’s paper from 2008. From this figure, it is evident that the
aerosol deposition setup consists of two categories. The first one is aerosol generation setup, which
is concerned with the generation of fine powder mixed with air and the second setup is deposition
setup, where the fine powders generated from aerosol generation setup is actually impacted upon
substrate under low pressure to form a fine coating. In this setup, the aerosol generation setup
consists of an enclosed chamber, which has the vibrator at the bottom of it [1]. A high-pressure
carrier gas is sent to the chamber and this gas along with powder makes an exit from the chamber
through the exit port and continues towards the deposition chamber. The deposition chamber
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consists of a nozzle and the translation stage. Substrate is placed on top of translation stage and it
moves along the movement of translation stage. The nozzle is kept fixed. The aerosol making its
way from the aerosol chamber passes through the nozzle onto the substrate because of the huge
suction on the chamber generated by the combination of rotary vane pump and the booster pump.
After the aerosol is impacted on the substrate, the gas makes its way onto the pump and most of
the powders carried by the carrier gas in the form of aerosols are allowed to impact upon the
substrate to form a fine coating.

Figure 2. Schematic: Inside the deposition chamber
Above figure shows what happens inside the deposition chamber. Pressure gauge gives the
constant reading of the pressure inside the deposition chamber. Because of the pressure difference
upstream and downstream of the nozzle, the particle beam gets impacted upon the substrate and
an area of the coating is formed.
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Figure 3. Coating build up process
The above picture demonstrates the coating built up process. The first step of coating built
up is anchor layer formation. Anchor layer as its name suggests, acts as an anchor before forming
a dense coating. Whenever a particle moving with high kinetic energy impacts upon the substrate
under low pressure, the kinetic energy of the particle is utilized for the deformation of substrate
where the particle itself gets fractured because of its plastic deformation [2]. This simultaneous
fracture of particles and deformation of substrate causes the interlocking of substrate and particles
forming the first important layer of coating. Anchor layer formation is majorly particle-substrate
bonding. After the formation of the anchor layer and after a few subsequent bombardments of
particles coating starts to build up by impact consolidation [1,2]. These subsequent impacts not
only form the particle-particle bonding but also fills the minor gaps between substrate and particles
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and particle and particles. Ultimately this results in the formation of uniform, thick and dense
coating.
The mechanical properties exhibited by the coating closely resembles to that of the bulk
material [3].

Figure 4. Illustration of possible particle-substrate interactions based on kinetic energy of
particles (Source: Hanft et. al, 2015)
As illustrated in the figure, kinetic energy gained by the particles is the major deciding
factor on deposition. The kinetic energy takes into account both the mass of the particle and the
velocity gained by the particle. If the kinetic energy of the particle is low than elastic bouncing of
the particle occurs, resulting in no deposition. If the kinetic energy of the particles is very high,
then there is a chance of mechanical abrasion of the substrate and again this results in no deposition
at all. Depending upon the nature of powder and substrate, the particle of specific size must be
5

chosen in order to get good quality of deposition [4]. Hahn et. al [5], used 3.2µm sized
hydroxyapatite powders to form a thick and dense coating over Titanium metal.
B. Research Goal and Motivation
The primary research goal is to produce dense, uniform and thick coating of hydroxyapatite
over titanium alloy. For the starters, goal is set to produce a fine rectangular coating over a fixed
area of the substrate. After having the proof of concept, the focus is to be moved to coat more
complex areas with the same degree of fineness. The goal is not only to produce the fine coating
but also to understand and optimize every factor contributing towards the production of fine
coating. Optimizing the pressure, nozzle design, aerosol generation chamber, deagglomeration
techniques comes along with the production of fine coating.
The motivation for this research is the interdisciplinary nature of this research. This
research comprises of every aspect of mechanical engineering. From design to simulation, from
fluid mechanics to structural mechanics, statistics, aerosol science, it covers many disciplines.
Another motivation for this research is the advantage of aerosol deposition method over other
techniques. The fact that this is the room temperature process makes it so useful in different
applications. Most of the aerosol depositions already carried are performed with the help of slit
nozzles whose velocity never reaches the sonic velocity. In this study, converging-diverging nozzle
is used. Supersonic speed is being dealt here. Not only the particle accelerating mechanism but also
aerosol generation mechanism has its own goal. The goal of the aerosol generation is to produce
continuous and stable source of aerosol. Because of this, proper control over the concentration of
aerosol making an exit from the chamber is maintained.
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C. Applications
The fine coating of hydroxyapatite over titanium alloy has applications on different fields.
Its major application is on the field of biomedical science. Because of the nature of powder and
substrate, it is suitable in various areas of biomedical industry. Hydroxyapatite is the mineral form
of calcium apatite and its chemical composition resembles to that of bone. The substrate used in
this study: Ti64 has excellent weight to strength ratio and excellent corrosion resistance. The
coating of HA over Ti64 can be utilized to prepare different prosthetics and to produce dental
implants.
D. Aerosol generation
The nature of coating depends upon the continuous and stable supply of aerosols. If the
generation of aerosol is not stable than the thickness, density and uniformity of the coating is
compromised. For the continuous generation of aerosol, ultrasonic dispersion setup is used [6].

Figure 5. Schematic: Ultrasonic Dispersion setup
(Source:Pokharel, L et al., 2019)
7
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Figure 6. Ultrasonic powder generation chamber
(Source:Pokharel, L et al., 2019)
As seen in the pictures above, this chamber consists of a rotating disc. A groove is created
on the rotating disc on which the powder lies. The powder is supplied onto the groove with the
help of the powder feeder. The major component of this setup is the ultrasonic transducer. This
ultrasonic transducer is suspended above the groove and is adjusted in such a way that, the gap
distance between the transducer and the powder on the groove can be manually adjusted. The gap
distance is tuned to form a pattern of pressure fluctuations which results in the levitation of
powders [6]. The levitation can be achieved at precise gap distance in several locations. The
location closest to the groove is chosen to minimize the loss of power. The sampling probe is kept
at negative pressure. This negative pressure comes from the suction from the deposition chamber.
Ball milling of the powder is done prior to aerosolization. The power to the ultrasonic transducer
is provided by ultrasonic generator. For Hydroxyapatite powder, the frequency provided to the
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transducer for maximum levitation of powder is 24.7 kHz. If the powder is replenished, then the
powder can be supplied to this chamber through powder feeder.
E. Powder and Substrate
Powder
The powder used in this study is Hydroxyapatite (HA). It is the naturally occurring mineral
form of calcium. Because of its chemical composition closely resembling with the bone, it is also
called as Bone Mineral [7]. All the properties of the powder in the given table below comes into
play during the deposition.
Table 1. Properties of Hydroxyapatite Particles
Color

White

Shape

Spherical

Chemical Formulae

Ca5(PO4)3(OH)

Primary Size

2.5 µm

Density

3.16 kg/m3

Hardness (Mohs Scale)

5

Nature

Brittle

Substrate
The substrate used in our research study is Ti64. It is also written as Ti-6Al-4V. It is a
titanium alloy which contains 4% of aluminum by weight and 6% of Vanadium by weight. It comes
with excellent weight to strength ratio and excellent corrosion resistance [8]. Because of these
properties, it has a wide range of use in aerospace industry and biomedical industry [8].
9

F. Pretreatment of powders and substrate
Powders
The primary size of HA powder in this study is 2.5µm. The bulk powder is put into a
ceramic boat and was heated to 1100°C in air for 2 hours [5]. After that, the powder was allowed
to cool and was ball milled for 4 hours at 250 rpm using yttria stabilized zirconia jars and balls.
After the ball milling is performed, the powder is again heated at 200°C in air for two hours for
healing the damage produced by ball milling. Heating the powder again at 200°C in air for two
hours will also remove any moisture present in the powder. Ball milling is a very significant part
of pretreatment of powders. The importance of this and the subsequent result seen in the powder
characteristics is discussed in detail in the next segment of this thesis.
Substrate
The substrate of interest in this study is Ti64, a titanium alloy. Pretreatment of the substrate
only involves cleaning of the substrate. The substrate might contain different impurities, majorly
the dust particles. The substrate must be cleaned before the aerosols impact on it to produce a fine
coating. The substrate is cleaned first with the help of DI water (de-Ionized). After cleaning it with
DI water, it is cleaned with acetone. Acetone is applied on the top of the substrate where it is to be
coated and it is gently rubbed with any tissue paper. At last the substrate is cleaned with
isopropanol. After cleaning of the substrate is done, dry compressed air is gently blown over the
substrate, to remove the cleansing agent, if present.
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G. Deagglomeration
A large interparticle attraction forces is present in the sub-micron size of powders. The
forces present are primarily van der wall’s forces and some amount of electro-static forces [9].
Because of the presence of these forces, particles get attached to each other forming agglomerates.
The interparticle attraction forces increases sharply with the decrease in the size of particles.
Deagglomeration is the process of breaking down these agglomerations due to interparticle
attraction forces, so that the particles exist individually in its primary manufactured size. The
aerosols reaching the deposition chamber for impaction of substrate must me highly
deagglomerated [1,4].

Figure 7. Illustration of deposition of agglomerates
(Source: Hanft et al., 2015)
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Whenever agglomerated powder is subjected to impaction onto substrate, the maximum
kinetic energy gained by the powder is wasted in separation of particles. This results in the
formation of porous films with very less anchorage. As seen experimentally, the deposition of
agglomerates results in the formation of loose coating which can be wiped out very easily. The
color of this fragile coating is the same as the bulk powder and no any impact consolidation exists.
The first and the foremost challenge before deposition is deagglomeration. To achieve
deagglomeration, various forms of mechanical energy must be applied.

Figure 8. Deagglomeration of powders by the application of mechanical energy
The excitation of particles by ultrasonic transducer results in some level of
deagglomeration, but it cannot produce highly deagglomerated powder. To achieve some level of
deagglomeration a nozzle and nylon mesh combination is used.
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Figure 9: Illustration of Nozzle Nylon Mesh Combination
The aerosol travels inside the acrylic chamber through the supersonic nozzle. The shear
force and turbulence inside the nozzle causes some form of Deagglomeration. The size of the nylon
mesh is 30µm. Any particle whose size is greater than 30µm settles down in the acrylic chamber
and the particles having size less than 30µm goes towards the acrylic chamber. The whole of the
acrylic chamber is kept at negative pressure as produced by the vacuum pump inside the deposition
chamber.
H. Ball Milling
Ball milling is a technique in which the powders are grinded into sub-micron range by the
application of rotational force. It produces a highest degree of fineness of particles up to nanometer
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range [10]. The machine used for ball milling purpose in this study is PQ-N04, manufactured by
the company named Across International.

Figure 10. Ball Milling machine
It is basically a planetary ball milling machine with central disc called sun, rotating along with
four smaller disc called planets. The four smaller disc holds the jars in which the powder to be
grinded along with grinding balls are mixed. The jars are tightened in the smaller disc and the
machine is allowed to run. Because of the friction between balls and balls and between balls and
the walls of the jars, the powders are grinded.
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Figure 11. Yttrium Stabilized Jar and balls
Powder can be grinded in four jars simultaneously. If lesser jar is required, then two jars
having equal weight of powders and equal weight of balls are positioned diagonally to balance the
weight. The ball to powder weight ratio is kept at 10:1 for one jar. The power consumption of this
machine is 370 watts and the volume of each jar is 100ml. The machine can be operated in the
rotational speed of 0 to 600 rpm. Both mode of operation can be performed using this machine;
i.e. dry and wet. The direction of rotation is bidirectional, it can be rotated on both clockwise and
anticlockwise direction. The time for each grinding can be set and a fixed pause time interval can
also be set between two successive grindings. It can be run up to 72 hours continuously. The jars
and balls used in this study is made up of yttrium stabilized zirconia.
In any grinding process both jars and the balls should be made up of same material so that it
can have same hardness value. If the hardness value of balls is greater than jars than there is a
15

chance of grinding of jars because of balls and vice versa. The hardness value of powder to be
grinded must be less than the hardness value of jars and balls. Prior to performing ball milling, the
powder is heated to 1100°C to remove any porosity contained in the powder [11]. Milling time
and rotation force(rpm) affects the final outcome in particle size [10,12]. For this study following
parameters were used while performing ball milling:
➢ Rotation per minute: 250rpm
➢ Mode of milling: Dry Milling
➢ Time of each rotation: 30 minutes
➢ Pause time interval after each rotation: 10 minutes
➢ Rotation mode: Both clockwise and anticlockwise
➢ Total number of repetitions: 8
Total number of repetitions is 8 means, 240 minutes of ball milling is performed excluding the
pause time. Since we are performing dry ball milling operations, ten minutes of rest time is given
to the machine so that it can use some time to cool itself down.
After performing the milling, the powder is taken out very carefully, the balls are separated
from the powders and the powder is again heated at 200°C for two hours, to heal from the damage
caused by the ball milling and to heat off any moisture present [4].
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2. Deposition Chamber and Vacuum Pump
A. Introduction
Deposition chamber is a setup where actual deposition is carried out. A deposition chamber
is connected to the vacuum pump so that it can maintain constant pressure inside the chamber
while the deposition is being carried out [1]. The top of the chamber consists of an inlet port for
aerosol and two pressure gauges, one analog and one digital. Most of the deposition in the previous
works is carried out by placing the pump upside down in which the aerosol enters the chamber
from the bottom of the chamber [1]. Taking the reading of the pressure time to time is necessary
during deposition. That is the reason why two separate types of vacuum gauges are installed. If the
pressure readings from both the pump is same, then it can be made sure whatever the pressure is
achieved, is the right pressure inside the chamber. The inlet port consists of a long tube which goes
all the way inside the chamber. A Converging-Diverging nozzle is attached to the bottom of the
inlet port. The long inlet tube can be moved up and down to maintain the clearance height between
the exit of the nozzle and the substrate. The nozzle and the inlet tube are connected in such a way
that the only place from which the aerosol is delivered onto the substrate inside the deposition
chamber, is through the exit of the nozzle.
Maintaining the high vacuum inside the deposition chamber is necessary to carry out
deposition. Low pressure inside the deposition chamber means less drag force is exerted on
particles when the particles make the journey from the exit of the nozzle to the substrate. Flow rate
of the aerosols inside the deposition chamber is directly proportional to the pressure a certain pump
can maintain. The inlet port is the only region from which the aerosols travels onto the deposition
chamber. Before carrying out the deposition, an extensive leak check is done on the vacuum
chamber by closing all the ports. By constantly taking the note of the pressure inside the deposition
17

chamber, every minor or major leaks is sealed. After making the deposition chamber leak proof,
lowest pressure is obtained as to be seen on the pressure gauges on the chamber. The value of that
pressure is noted down. While carrying deposition, for the nozzle with certain flow rate, after some
time the pressure becomes stable around certain number. If the pressure goes abruptly higher than
the stable pressure, for that particular flow rate nozzle, the leak is checked again. If the pressure
goes abruptly below the stable pressure, for a particular nozzle, the nozzle throat might have been
blocked. So, the pressure inside the chamber is needed to be checked while carrying out deposition
and the pressure reading from both the pressure gauges must be the same.
B. Deposition chamber (lab manufactured)
A vacuum chamber is built in the lab out of industrial grade aluminum plates (AA-6061).
The vacuum chamber is built in the shape of a cube with the length of each faces being 18 inches.
All the other faces are welded together except for the top of the chamber which is the lid. It consists
of one inlet port and two ports for pressure gauges. The vacuum chamber was built in such a way
that, there is a small window on the front face of the chamber. The actual deposition is viewed
through that window. A sealing gasket is placed between the lid and the chamber in such a way
that whenever vacuum is created inside the chamber, it would achieve a perfect seal. Before turning
on the pump, the lid is bolted all around the chamber to make no compromise on a perfect seal. XY Translation stage is put at the bottom of the chamber. Two slits from each of four faces, each
having the diameter of 2mm goes to a manifold which was connected to the vacuum pump in order
to create suction inside the chamber. While taking the reading of the pressure with this setup, it is
found that, the right pressure is not achieved inside the chamber. The reason for it is the slit being
so small in diameter, it is choked, and the right efficiency of the pump is not evident because of
the choking. To counter this problem, a central large diameter hole was built on the back side of
18

the chamber and a pipe is connected between the hole and the pump, again eliminating all the
possibilities of the leak on the way between the central hole and the pump. Those eight small
diameter slits connected to a manifold is utilized for vacuum exhaust.

Figure 12. Deposition chamber (lab Manufactured)
With all the setup done, leak proof is checked, and the deposition is carried out, however, the
chamber posed quite a difficulty.
•

To view the coated sample or to change the substrate, all the bolts is needed to be unbolted,
the lid is carried outside of the rest of the chamber whenever the substrate is needed to be
changed or viewed. This causes a great deal of loss in time and energy.

•

Since the bolt must be bolted and unbolted multiple times and since the material of the
chamber was aluminum, a lot of bolts and bolt threads are damaged.
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•

Opening and closing of the lids multiple times results in the disturbance in the sealing
gasket and it eventually damages the gasket.

•

Gasket must be changed on many occasions and very long and extensive leak check is
needed to be done, every time when closing the lid.

•

To make it leak proof, black tape is applied on each side between the lid and the rest of the
chamber and to the damaged bolt hole. This caused a great deal of loss of time and energy
to prepare one sample.

•

Because of all these tasks, is not possible to make the chamber fully leak proof.

•

The pipe connecting the vacuum pump with the chamber was of Teflon tube. It is observed
that, because of the suction from the pump and because of the flexibility of the pipe, the
pipe is contracted resulting in the choking of the pipe.

To overcome all the difficulties listed above, industrially manufactured deposition chamber is
purchased, and the chamber is modified to make it suitable for aerosol deposition.
C. Vacuum Pump (Introduction)
Vacuum pumps are the mechanical devices used to create suction inside the deposition
chamber to maintain low pressure in the chamber. It sucks the gas molecule from the chamber
leaving behind the partial vacuum in the chamber. Out of different types of vacuum pump, rotary
vane pump is used in this study.
Rotary vane pump is the positive displacement pump invented by Charles C. Barnes and it
was patented on June 16, 1874 [13]. It consists of pump housing, rotor vanes and spring. It contains
a large circular cavity on which the rotor moves. The centers of the cavity and the rotor are offset,
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causing eccentricity. A vane is attached to the center of the rotor. A vane is spring loaded, so that
it can slide on the diametrically opposite slots of the walls of central cavity [14].

Figure 13. Schematic: Rotary Vane Pump
(Source:https://vacaero.com/)
The central cavity which is also referred as stator is submerged with oil. Oil here is used
both as a lubricating agent and the sealing agent of the exhaust valve [15]. Vanes are allowed to
slide within the walls of central cavity creating vane chambers. During the intake of the air from
the chamber, vanes are positioned in such a way that one vane allows the air to come inside the
central cavity and another vane obstructs the filling of the air further. As the rotor rotates, so does
the vane and the air is pushed towards the oil sealed exhaust valve. The exhaust valve is opened
against the atmospheric pressure and the air is drawn outside [16]. This process continues very fast
so as to create a partial vacuum inside the chamber [14].
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Figure 14. Sequence of rotary vane pump operation [15]
(source:https://camblab.info/)
Rotary vane pump is used when low pressure is required. This usefulness is a perfect fit
for our operation. However, it requires constant maintenance such as changing of the oil. Most of
the pumps feature sight glass to view the level of the oil.
The pump we have used in our first few trials is Welch 1397

Figure 15. Welch 1397 Rotary Vane Pump
22

The power of the motor of the pump is 750 watts and its pumping speed is 500 liters per
minute. It needed maintenance before operating it for this study. The pressure at closed conditions
obtained from the combination of this pump and the in lab built vacuum chamber is 200 pascals.
The pressure obtained with 11 lpm of flow by the combination of this pump and vacuum chamber
is 1800 lpm. A very much less pressure is desired, but the pumping speed of this pump is very
much less to achieve the target pressure. Therefore, both the pump and deposition chamber are
needed to be changed.

D. New Deposition Chamber and New Vacuum Pump
To counter the problem posed by the deposition chamber, a new industrially manufactured
vacuum chamber is purchased. To fit this chamber for our purposes, modifications are done. Four
holes are drilled on the top of the chamber including one hole for the inlet tube. This time, the
internal diameter of the inlet tube is 1/4 inches compared to 1/8 inches in our previous chamber to
reduce the pressure drop inside the tube. Two holes are for the fitting of pressure gauges, one
digital and one analog. One extra hole is drilled on the top of the chamber for vacuum exhaust. It
consists of three doors which is perfectly sealed under vacuum and it can be opened and closed
easily. All the three doors are made up of glass and acts as a viewing window too. There is no need
for any sealing gasket or bolts. One central large diameter hole was drilled on the back of the
chamber to connect it to the pump via steel pipe. Since the pipe is made up of steel, there is no
chance of contraction of it. The pipe is connected to the pump and chamber with the help of KL
flanges, so that it can be connected and disconnected with ease.
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A new vacuum pump is also purchased. This pump is also the rotary vane pump with same
working principal. The new vacuum pump is Adixen 2063D. Since it is a brand-new pump, it
produced less noise and it does not get heated very easily. The pumping capacity of this pump is
1076 lpm, more than double of what could be achieved from the old pump. The pressure at closed
conditions with the combination of this pump and new deposition chamber is only 50 pascals. With
11 lpm of flow inside the chamber, this combination of pump and chamber give the pressure
reading of 950 pascals. A filter is attached to the suction side of the pump to filter the powders
from aerosol.

Pressure Gauge
Aerosol Inlet
Vacuum Exhaust

Doors

Substrate

X-Y
Translation
Stage

Nozzle

Figure 16. Deposition chamber(new)
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Pipe
connecting
pump and
chamber

Aerosol Filter

Figure 17. Vacuum Pump Adixen 2063D
E.Booster Pump
Rotary vane pumps have a constant pump speed which can only decrease the pressure
inside the chamber from atmospheric pressure to its ultimate vacuum [17]. An ultimate vacuum is
the lowest pressure a certain pump can reach for a given flow rate. If it is desired to pump down
the pressure lower than the ultimate vacuum of the pump, booster pump is used. Booster pump are
basically the compressors which compresses the air by a certain compressibility factor [18].
The booster pump used in our study is Leroy-Somer
It has the compressibility factor of 0.2. Booster pump can be operated only after a certain
low pressure. The electrical motor in the booster pump is suited in such a way that it can compress
the air only after a certain low pressure is achieved with the help of rotary vane pump. If it has to
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be activated in atmospheric pressure a large motor is required and that comes with very heavy
price. The motor of rotary vane pump is suited to work in atmospheric pressure [17].
For the connection of booster pump and rotary vane pump, the electrical connection is done
in such a way that, both the pump can be controlled by one control box and the power to the control
box comes from a single 3 phase connection. First, three phase switch is connected and the power
is delivered to the control box. The rotary vane pump is operated at first and after a certain low
pressure is achieved, booster pump is activated. With the combination of new chamber, rotary vane
pump and booster pump, 266 pascals of pressure is achieved for 11 lpm (liters per minute) of flow.

Figure 18. Booster Pump
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Figure 19. Control Box for operation of Vane pump and Booster pump

New Deposition
Chamber

Booster Pump

Vane Pump

Figure 20. Combination of new deposition chamber, Vane pump and booster pump
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F. Translation stage

While carrying out deposition, the nozzle is stationary, and the substrate is moved with the
help of translation stage. The reason the substrate is needed to move is to coat an area over the
substrate. The translation stage used is X-Y translation stage i.e. it can be moved only in two
directions. The substrate is placed over translation stage and the substrate moves along the
translation stage to form a uniform area of coating. The translation stage is programmed using
GalilTools 1.6.4.550 (Galil Motion Control, Inc.) to follow specified pattern to ensure sufficient
pass and cover the deposition area uniformly. The area of coating, speed of coating, pattern of
coating and the location on the substrate on which an area is to be coated can be modified using
this program.

28

3. Nozzles
A. Introduction
Nozzles are the pipe or tube of varying cross-sectional area. Most frequently the nozzles
are used for accelerating the fluid particles with high kinetic energy with the expense of its pressure
energy. Nozzle are used to control the flow rate of fluid particles, its velocity and pressure [20].
Nozzles are of two types based on the fluid used: Compressible flow nozzle and incompressible
flow nozzle. Compressible flow nozzles are the nozzle which is used to accelerate the gases.
Density of gases varies inside the nozzle because of its compression and expansion. Incompressible
flow nozzles are used to accelerate the fluid particles which cannot be compressed. The basic
example of incompressible fluid is water. The density of incompressible fluid particles remains
constant throughout the nozzle. Since we are dealing with aerosols in our study, we must consider
the density change of air within the nozzle in our design considerations.
Based on their design characteristics and usage, nozzles are of the following three types:
Convergent Nozzle
Convergent nozzle are the nozzles in which the diameter of the nozzle is narrowed from
the bigger diameter at the entrance of fluid particles to the smaller diameter at the exit. The velocity
of air at the exit of this type of nozzle never exceed its sonic velocity. It reaches the sonic velocity
at its narrowest point only if the nozzle pressure ratio is high enough. This is the condition when
the nozzle is said to be choked [19,20].
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Divergent Nozzle
These are the nozzles in which the diameter of the nozzle is expanded from the smaller diameter
at the entrance of fluid particles to bigger diameter at the exit. The fluid velocity never reaches
Mach 1 at the point of exit. The flow in these types of nozzle is always subsonic flow [19,20].
Convergent Divergent Nozzles
These types of nozzles are used when we desire to obtain supersonic flow at the exit of the
nozzle. Figuratively, these nozzles are convergent nozzles followed by a divergent section [19].
The narrowest portion where converging section ends, and divergent section begins is called throat.
It reaches sonic velocity at throat and attains supersonic flow beyond the throat. While carrying
aerosol deposition, fracture of particles and deformation of substrate both depends on the kinetic
energy of particles impacting upon the substrate [2].
Kinetic Energy of particles upon impact =

1𝑚𝑣𝑝2
2

𝑣𝑝= Velocity of individual particles
m = mass of individual particles
Velocity of individual particles is directly proportional to the velocity of carrier gas i.e. air.
Mass of individual particle is constant. So, if the velocity of air accelerated by the nozzle is greater,
than the kinetic energy of the particles is greater and hence particles get adhered to the deformed
substrate. In this case we aim for maximum velocity of air. This maximum velocity of air can be
achieved through the supersonic flow of air at the exit because of convergent divergent nozzle.

30

Slit nozzle
This is another type of nozzle used extensively in the previous aerosol deposition
techniques [1]. It does not have a converging or diverging section but is merely a narrow passage
for passing of aerosols. It has a fixed rectangular cross section throughout the length of the nozzle.
Choked flow through this nozzle varies with the cross section. With the high-pressure difference
upstream and downstream, aerosols can be accelerated to high velocity with this nozzle. However,
the velocity of air never reaches the sonic velocity.
B. Design of Nozzle
The nozzle designed for this study is bell shaped nozzle. The bell-shaped nozzle offers
significance in size and performance over conical nozzle. Bell shaped nozzle was designed by
G.V. Rao for its use in rocket propulsion. Since the nozzles in our study was 3D printed with resins,
there is a chance of erosion of resins at the sharp edges of the throat in conical nozzles because of
the high velocity of air, subsequently altering the designed choked flow rate at the throat. With bell
shaped nozzles, the edges around the throat are curved which means there is very less chance of
erosion.
Choked Flow Rate of the nozzle: Choked flow rate is a limiting condition in which mass flow
rate of the gas through the throat of the nozzle does not increase even if the downstream pressure
is lowered. In this study the upstream pressure is fixed. The upstream pressure in this study is
atmospheric pressure.
Choked Flow rate of the nozzle can be calculated by the following formulae [19]:
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𝒎̇ = 𝒑𝒕 𝑨√𝜸 𝑴(𝟏 + 𝜸−𝟏 𝑴𝟐)−(𝜸+𝟏)/[𝟐(𝜸−𝟏)]
𝟐

(1)

√𝑹𝑻𝒕

Where;

𝑚 = Choked flow rate at the throat (kg/s)
𝑝𝑡= Upstream Pressure (1 atm)
𝑇𝑡= Room Temperature(298K)
𝑀= Mach Number at throat = 1
𝛾= Ratio of specific heats = 1.4(for air)
R= Gas Constant =286.8 J/Kg.K(for air)
A= Area of throat (m2)
Volume Flow rate through the nozzle measure at upstream conditions = 𝑚

ρ

ρ= Density of air at atmospheric pressure = 1.229 kg/ m3
Choke flow rate always exists in the constriction of the pipe or tube, which is throat of the nozzle
in this case. The maximum velocity it can reach at the throat is the sonic velocity, i.e. M=1.For 𝛾
= 1.4 and M=1 and using the one-dimensional isentropic equation [19]

𝑷𝒕
𝑷𝒃

= (𝟏 +

𝜸−𝟏
𝟐

𝑀𝟐 )

𝜸
𝜸−𝟏

(2)

Where;
𝑝𝑏 = Back Pressure
𝑝𝑡= Atmospheric Pressure = 101325 Pascal
From this we can calculate back pressure, 𝑝𝑏 = 53530 Pascal
This back pressure is also called critical back pressure. If the pressure inside the deposition
chamber (downstream pressure) is more than the critical back pressure, choked flow condition is
32

not reached. Choked flow condition is reached at this specific pressure at throat where the Mach
number is 1. If the pressure inside the deposition chamber is lowered than the critical pressure than
the mass flow rate through the throat of the nozzle cannot be greater than the choked flow rate.
Hence, choked flow is the limiting condition of flow through the nozzle.
This volume flow rate plays a major factor during the aerosol deposition. The volume flow
rate of the nozzle is directly proportional to the pressure inside the vacuum chamber. Low pressure
and high flow rate is desired for aerosol deposition. The flow rate through the nozzle should be
such that the desired pressure inside the vacuum chamber is not compromised. While designing
the convergent-divergent nozzle, the first and foremost design consideration is choked flow rate
of the nozzle.
Calculation of Throat radius and Radius of Exit
In the above equation (1), for the calculation of mass flow rate through nozzle on choked
conditions, the quantitative value of every other parameters is constant except for the area of throat.
Hence, the area of throat is directly proportional to the flow rate through the nozzle. The first step
for the design of nozzle should be selecting the upstream volume flow rate of air which is to be
sent through the nozzle onto the deposition chamber. The dimensions for the throat of the nozzle
can be calculated for respective desired upstream volume flow rate.
For 11 lpm (liters per minute) of flow rate sent into the deposition chamber, the throat
diameter of the nozzle is calculated to be 1.1 mm. For 20 lpm (liters per minute) of flow rate of
aerosol sent into the deposition chamber, the throat diameter of nozzle is calculated to be 1.8mm.
Depending upon the pressure ratio between upstream pressure and the pressure reading as read
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from the pressure gauge inside the vacuum chamber, the Mach number at the exit of the nozzle
can be calculated with the help of the following equation: [19]

𝜸

𝑷t
𝑷𝒆

= (𝟏 +

𝜸−𝟏
𝟐

𝟐 𝜸−𝟏

𝑴𝒆 )

(3)

Where;
𝑃𝑡 = Atmospheric Pressure (Pressure at the inlet of the nozzle)
𝑃𝑒 = Pressure at the exit of the nozzle= back pressure= Pressure inside the
Deposition Chamber
𝑀𝑒 = Mach number at the exit
Pressure achieved inside the deposition of chamber with the flow of 11 lpm (liters per
minute) of aerosol inside the chamber = 950 Pascal
The area of the exit and hence the diameter of the exit is calculated with the help of the
following equation [19]:
𝑨𝒆
𝑨𝒕

𝟏

= ( ) [(
𝑴𝒆

𝟐
𝜸

) (𝟏 +

𝜸−𝟏
𝟐

𝑴𝒆 )]
𝟐

𝜸+𝟏
𝟐(𝜸−𝟏)

Where;

𝐴𝑒 = Area of the nozzle at the exit
𝐴𝑡 = Area of the nozzle at the throat
𝑀𝑒 = Mach number at the exit
𝐴𝑒 = Area of the nozzle at the exit
𝛾 = Isentropic expansion ratio

From equation (1), (2), (3) and (4), the following value is
calculated: Mach Number at the exit = 3.76
Ratio of area between exit and throat = 8.630
34

(4)

From this calculation, the diameter of the nozzle exit is calculated to be 3.23 mm.
Calculation of length of the nozzle
Length of the nozzle is primarily referred to as its length form the throat to the exit. The
formulae to calculate the length of the bell-shaped nozzle is [21]: LN =

(√𝝐−𝟏)𝑹𝒕
𝐭𝐚𝐧(𝟏𝟓)

(5)

Rt= Radius of nozzle throat
𝜖 = Nozzle Area Ratio
From this Calculation, the nozzle length is calculated to be 3.98 mm.
To fit this nozzle for this purpose of aerosol deposition, this length of nozzle is not enough.
From all the design calculations, the nozzle is designed in such a way that the velocity of air in it
reaches to Mach 3.76 at exit from the sonic velocity at the throat, which holds very good if only
air is being accelerated through the nozzle. But the particles carried by the air cannot attain good
acceleration within this short distance. That is the reason why, the length of the nozzle is designed
to be longer, so that sufficient time and space is given for the particles to accelerate inside the
nozzle. For this study, the distance of the nozzle is made to be 15 mm long and the acceleration of
the particles inside and outside of the nozzle is tested by doing simulation. This particle tracking
phenomenon is described in detail in the last segment of the nozzle study.
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Figure 21. Design of a parabolic nozzle
(source: Rao and Shmyglevsky, Thrust optimized parabolic nozzle, technical paper)
After the calculation of throat radius, exit radius and the length of nozzle, the process of
designing the nozzle is started. AutoCad 2019 is used for the drawing and designing of the nozzle.
Two separate arcs are drawn at the throat, using the formulae as seen in the figure. For the
calculation of θn and θe, Rao has suggested a graph to be used. From the graph, for 100% bell
contour nozzle and the expansion ratio of 8.630, θn is around 23 degrees and θe is around 7 degrees
[21]. In this case the nozzle is much longer than the 100% bell contour nozzle. To calculate the
value of both the angles, a logical and calculated guess is made. From the graph, it is evident that
for the specific value of expansion ratio, θn and θe is decreasing with increase in length. For the
nozzle designed, the value of θn is made to be 15 degrees and the value of θe is made to be 2
degrees.
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Figure 22. Calculation of parabolic angles for specific nozzle expansion ratio
(source: Rao and Shmyglevsky, Thrust optimized parabolic nozzle, technical paper)
The final job for the drawing of the nozzle is to draw a parabola from throat to the exit.
The parabola is sketched out in AutoCad 2019 from an ancient method of drawing a parabola.

Figure 23: Figure depicting the method to draw a parabola
(source: Rao and Shmyglevsky, Thrust optimized parabolic nozzle, technical paper)
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A line is drawn away from the nozzle from point N at an angle of θn. Another line is drawn
backwards at an angle of θe from point E to meet another line at point Q [21]. Both the line segment
NQ and QE are divided into equal number of parts (four in the given figure) and labelled as a, b,
c for the first line and e, f, g for the second line. Straight line is drawn from a to g, b to f and c to
e. These forms the mesh and the edge of the mesh gives a parabolic outline. Except for the edges,
all the other lines constituting mesh are removed.

C. Simulation of Nozzle
Nozzle simulation is carried out in Ansys 18.2. A two-dimensional simulation is
performed.

Pressure
Outlet

Pressure
Inlet

Substrate
(Wall)

Figure 24. Schematic: Simulation of Nozzle
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Flow conditions used for the simulation are:
•

Distance between nozzle and substrate = 10 mm

•

Density based model

•

Steady state model considering energy equations

•

Turbulence model is k-ϵ model with scalable wall functions

•

Material considered in the simulation is air

•

Viscosity of the air is defined by Sutherland equation

•

Air is assumed to be ideal gas

•

Initialization of solver: Hybrid

•

Boundary Conditions
➢ Inlet = Pressure Inlet = 101325 Pascal
➢ Outlet = Pressure Outlet = 1000 Pascal
➢ No slip condition at the wall
➢ Inlet temperature = 298 K
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Figure 25. Velocity Magnitude of Simulated Nozzle

From the above velocity magnitude obtained from simulation of the nozzle shows that the
maximum velocity of air inside and outside of the nozzle is 605 m/s. The velocity of the air reaches
its sonic velocity around the throat. Near the substrate, a certain drop in velocity magnitude is seen,
which is because of the formation of bow shock. There is no evidence of shock formation inside
the nozzle. The particles should gain enough kinetic energy to penetrate the bow shock and impact
upon the substrate.
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D. Particle Tracking
The velocity magnitude obtained from the simulation result is for air only. The more
important thing is to get the velocity of impaction of particles. Air carries fine particles with it. The
velocity of the particles in air is always less than the air, because drag is created by virtue of its
heavier weight. To simulate the particle velocity in the flow, the file containing simulation of air
flow is extracted from ANSYS and is provided to the FORTRAN code and also the necessary
characteristic value of the particle is provided to the code [6]. The results from particle tracking is
shown below:

Throat

Substrate

Nozzle Exit

Figure 26. Particle Tracking
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As seen from the figure, the maximum acceleration of particles occurs between throat and
the exit of the nozzle. The velocity of the particles is somewhat deviated near the substrate, this is
because of the formation of bow shock near the substrate. The maximum velocity the particle can
attain from this simulation is 380 m/s which is enough for the impact consolidation to occur
between particles and substrate.

E. Printing of the nozzles
The nozzles are 3D printed using Formlab Form2 3D printer.

Figure27. Formlab Form 3-D Printer

Figure 28. Printed Nozzles

The resin used for printing is form lab formlab clear resin. The resin is partially transparent,
and it would be easy to see the internal structure of the nozzle. The resolution of this printer is as
high as 25 microns. It takes approximately 2 hours to print one nozzle that fits the design standards
and purposes of this study.
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4. Results
The results of aerosol deposition proof of concept are depicted from the device called SEM
and EDS. The deposition of particles or fracture of particles, its uniformity can be seen when
viewed under powerful microscope. SEM stands for Scanning Electron Microscope. When the
samples are viewed under the microscope following distorted images are seen.

Figure 29. Distorted SEM Image
Since the working method of this microscope is to send high beam of electrons onto the area
to be viewed and since the coated powder is nonconductive, the images are distorted because of
that high beam of electrons.
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A. Gold Palladium Sputtering Experiment
To counter this problem, a very thin layer of conductive material is coated over the
nonconductive coating keeping in mind that it does not affect in any properties of the original
coating. A gold palladium sputtering experiment is performed. The samples are kept inside the
chamber which is kept at low vacuum and argon gas is passed to the chamber. After a certain low
pressure is achieved, a very thin layer of gold and palladium is coated over the surface of already
coated sample. The thickness of this coating is 5nm.

Figure 30. Gold Palladium Sputtering on the coated samples
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B.SEM image of Deposition without Ball Milling

Figure 31. SEM Image of coating without performing ball milling
This is the image of the coating in which powders were aerosolized and sent to the deposition
chamber without performing the ball milling. Because of this, the aerosols are sent to the chamber
in highly agglomerated state and as a result, the coating is thin and nonuniform. From this image,
it is observed that the particle gets fractured from sub-micron range to nanometer range and the
dark patches are the areas in which the coating has not occurred.

45

C.SEM Images of Balled Milled Powder

Figure 32. SEM images of Ball milled powder
The images shown above and below are the SEM images of ball milled powder. This is not
the image of the coating. Ball milled powder are aerosolized and are projected to the SEM stubs.
From the picture, it is seen that, ball milling of powder can produce individual powders with the
size very close to the primary size of particles which is 2.5µm. The degree of agglomeration of
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powder is very less and the shape of the powder is almost a perfect sphere. The images shown
below gives more magnified view of ball milled powders.

Figure 33. Magnified Image of Ball Milled Powder
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D.SEM Images of Coating and EDS

Figure 34. SEM images of coating produced by 8 lpm of nozzle
From the image, sub-micron spherical particle is fractured to nanoscale forming a fine coating.
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EDS (Energy Dispersive X-Ray Analysis), is a technique used for analysis of element
contained in a viewed sample. A high beam of electrons is sent towards the sample to be
characterized. Based on the electron diffraction strength of elements, the chemical characterization
of the sample is done [22].
The element analysis of the coated samples with 8 lpm flow of nozzle is depicted below:

Figure 35. Element map of coated samples with 8 lpm of nozzle
The presence of Calcium and Phosphorus in the above element map shows the presence
of Hydroxyapatite over the Titanium alloy. However, the concentration of calcium and
phosphorus is low as compared to the concentration of titanium. This shows that, Hydroxyapatite
particles are coated over titanium alloy, but the coating is nonuniform.
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Figure 36. SEM Image of coating with 11 lpm nozzle
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Figure 37. SEM Image of coating with 11 lpm nozzle
As seen from the images, the coating with 11 lpm nozzle is denser and more compact as
compared to the coating with 8 lpm nozzle.
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Figure 37. Element map of the coating with 11 lpm nozzle
From the above element map, phosphorus (Green dots) and Calcium (Blue dots), both of
which are the key elements of Hydroxyapatite particles are present over Titanium alloy as shown
by purple dots. In fact, the concentration of calcium and phosphorus over the scanned area are
much greater than the concentration of Titanium itself.
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Figure 38. SEM images of coating with 20 lpm of nozzle
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Figure 39. SEM image of coating with 20lpm of nozzle
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Figure 40. SEM images of coating with 20 lpm of nozzle
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Figure 41. Element map of coating with 20 lpm of nozzle
From the above element map, phosphorus (Green dots) and Calcium (Purple dots), both of
which are the key elements of Hydroxyapatite particles are present over Titanium alloy as shown
by sky blue dots. In fact, the concentration of calcium and phosphorus over the scanned area are
much greater than the concentration of Titanium itself. The concentration of Calcium and
phosphorus over titanium is clearly more than the one achieved from the 11 lpm (liters per minute)
flow nozzle.
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E.Discussion
From the above SEM and EDS pictures, the images after performing ball milling shows
good and uniform coating as compared to the image of the coating without performing ball milling.
When the images of ball milled powders is seen, it is evident that ball milling results in spherical,
individual and close to primary sized particles. From all the images, one thing is apparent and that
is the fracture of particles. The spherical 2.5µm sized particles are fractured to irregular shaped
nano sized particles. These images give the proof of concept of aerosol deposition of HA particles
on titanium alloy. From the element analysis results, it is vivid that, the more the flow rate of
aerosol is impacted upon the substrate, the particle composition of coating is more. However, the
data obtained from the EDS cannot be completely reliable. Since it works with the principle of
transfer of high beam of electrons to the coated surface, sometimes it penetrates the coating and
shows the composition of substrate only, neglecting the composition of coating. EDS and SEM
results does not give us the data about uniformity, density and thickness. There is lot of work
needed to be done for the characterization of coating. These images only depict the proof of
concept of Aerosol deposition.
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5. Conclusion and Recommendation
From the experimental study on dense coating of Hydroxyapatite powder on titanium alloy
by aerosol deposition method following conclusions are drawn:
1. The aerosol generation chamber is modified in such a way that it fits our purposes.
Compared to other ceramic powders, HA has lesser density and because of this it can be
levitated more easily. Suitable gap distance is maintained between the transducer and
powder bed. Necessary power is given to the transducer and the best frequency taking
into account all the above-mentioned factors is found to be 24.7kHz.
2. For 11 lpm of flow rate of nozzle the pressure inside the deposition chamber was brought
down to 267 pascals from 1800 pascals. Pressure plays an important role while carrying
out deposition and it can be said that with the combination of new chamber, new pump
and booster pump, the right pressure can be achieved for any given flow rate.
3. Ball milling technique was performed for the deagglomeration of powders. SEM images
shows that the powders can be grinded to their primary individual size and the significant
improvement in uniformity of coating is seen because of ball milling when the coated
samples are viewed with and without ball milling.
4. The supersonic convergent-divergent nozzle is designed and simulated which gives the
maximum gas velocity of 605 m/s and flow of the particle is tracked and its quantitative
value upon impact was found to be around 400 m/s.
5.

A uniform coating is seen when viewed under microscope. The particle is seen to have
fractured up to the size of few nanometers from sub-micron range.
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Recommendations
The aerosol deposition apparatus depicted in this study has several scopes of optimization
to get a quality coating.
1. Aerosol generation: The generation of aerosol by ultrasonic transducer has a huge
room for optimization. The operating frequency differs with the size of powders and
time of use. This area needs to be countered in order to get stable aerosol generation.
Moreover, simulation needs to be done for studying the wave patterns developed in
between transducer and powder in order to analyze the change of its behavior with
the change of frequency, powder size and the nature of powder.
2. Up until now, most of our study is focused on the powder, its behavior, its
acceleration, its drag because of more pressure and its primary size and grain size.
Our study is very limited towards the substrate. Different properties of the substrate
are needed to be studied. After all, deposition depends not only on powders but also
on the nature of substrates.
3. Nozzle can be optimized further. We can move towards hypersonic nozzle from
supersonic nozzle. Kinetic Energy gained by the powders is a major factor for
deposition. High velocity of gases means high velocity of particles
4. Deagglomeration of the powder is also one of the contributing factors to produce a
fine coating. Different trials and testing can be done using ball milling. After different
trials and tests, the rpm and time of milling can be found for perfect deagglomeration
of particles.
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5. After having the proof of concept of aerosol deposition, characterization of coating is
needed to be done. Thickness test, Hardness test, density test and uniformity test are
to be performed as part of next job in this study.
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7. Appendix
Code for HA deposition patterning
Coating an Area
Length=400000 //length of the square area to be coated
sp=8000 //speed of coating
coat=6 //number of pattern to be coated
lc=15
olc=14
ld=Length/30 //subsequent gaps
hld=ld/2
DP 0,0
Ccoat=0
#Coating
Count1=0; Count2=0; Count3=0; Count4=0; Count5=0
#Print1
PR Length,ld
SP sp,sp
BG A; AM; BG B; AM
PR -Length,ld
SP sp,sp
BG A; AM; BG B; AM
Count1 = Count1 + 1
JP #Print1, Count1 <= (lc-1); AM
PR Length
SP sp,sp
BG A; AM
JP #Print2
#Print2
PR -ld,-Length
SP sp,sp
BG B; AM; BG A; AM
PR -ld,Length
SP sp,sp
BG B; AM; BG A; AM
Count2 = Count2 + 1
JP #Print2, Count2 <= (lc-1); AM
PR ,-Length
SP sp,sp
BG B; AM
PR hld,hld
SP sp,sp
BG AB; AM
JP #Print3
#Print3
PR Length-ld,ld
SP sp,sp
BG A; AM; BG B; AM
PR -Length+ld,ld
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SP sp,sp
BG A; AM; BG B; AM
Count3 = Count3 + 1
JP #Print3, Count3 <= (olc-1); AM
PR Length-ld,ld
SP sp,sp
BG A; AM; BG B; AM
PR -Length+ld
SP sp,sp
BG A; AM
JP #Print4
#Print4
PR ld,-Length+ld
SP sp,sp
BG B; AM; BG A; AM
PR ld,Length-ld
SP sp,sp
BG B; AM; BG A; AM
Count4 = Count4 + 1
JP #Print4, Count4 <= (olc-1); AM
PR ld,-Length+ld
SP sp,sp
BG B; AM; BG A; AM
PR ,Length-ld
SP sp,sp
BG B; AM
PR hld,hld
SP sp,sp
BG AB; AM
JP #Print5
#Print5
PR -Length,-ld
SP sp,sp
BG A; AM; BG B; AM
PR Length,-ld
SP sp,sp
BG A; AM; BG B; AM
Count5 = Count5 + 1
JP #Print5, Count5 <= (lc-1); AM
PR -Length
SP sp,sp
BG A; AM
Ccoat = Ccoat + 1
JP #Coating, Ccoat <= (coat-1); AM
ST
EN

64

Coating a straight line
Length=100000 //length of the coating
sp=100000 // speed of coating
coat=6
lc=4
olc=3
ld=0
hld=ld/2
DP 0,0
Ccoat=0
#Coating
Count1=0; Count2=0;
#Print1
PR Length,ld
SP sp,sp
BG A; AM; BG B; AM
PR -Length,ld
SP sp,sp
BG A; AM; BG B; AM
Count1 = Count1 + 1
JP #Print1, Count1 <= (lc-1); AM
PR Length
SP sp,sp
BG A; AM
JP #Print2
#Print2
PR -Length,-ld
SP sp,sp
BG A; AM; BG B; AM
PR Length,-ld
SP sp,sp
BG A; AM; BG B; AM
Count2 = Count2 + 1
JP #Print2, Count2 <= (lc-1); AM
PR -Length
SP sp,sp
BG A; AM
Ccoat = Ccoat + 1
JP #Coating, Ccoat <= (coat-1); AM
ST
END
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